The split-pulse laser method is used to reinvestigate the optical attenuation of distilled water in the I from 430 to 630 nm. The studies are then extended to ionic solutions of NaCl. MgC12. and Na2S04. ~ forming the major constituents of seawater. The effect of the concentration of these constituents on ~ attenuation is investigated. Further, optical attenuation studies are carried outlor the region from4a01 nm for an aqueous solution prepared with all the major constituents in the same proportions as in III seawater. These values are then compared with values obtained for natural seawater. The reJative~ dissolved salts and suspended particles on optical attenuation in seawater is discussed. The lowest atli tion is observed at -450 nm for all solutions and is found to coincide with that for distilled water.
I. Introduction
Optical properties of seawater have become a subject of renewed interest in recent years. The motivation for such studies is the search for an optical window for underwater communications to complement ultrasonic transducer technology. Several authors have reported the optical properties of distilled water, clear natural water, and seawater. In 1963, Sullivan 1 reported the absorption coefficient a{A) of distilled water, artificial seawater, and heavy water in the visible region. The experimental setup consisted of a single cell for which reflection corrections were required for the cell windows. This was followed by an exhaustive review by Irvine and Pollack 2 covering the available literature on the optical properties of water in the region from 0.7 to 200 pm. They tabulated the extinction coefficient k(A) and the Lambert absorption coefficient a(A) collected from different papers. Zolotarev et al. 3 have reported values for the optical constants of water throughout the l-106_pm spectral region. Hale and QuerrY' again reviewed the subject and presented a fresh set of values of n(A) and k(A) of water in the region from 200 nm to 200 pm.
A major deviation from the conventional experiments began when Querry et al. 5 reported the attenuation coefficient of deionized filtered water by the splitpulse laser method. A tunable dye laser was used as the source and reflection losses were corrected by a compensating cell. Hass and Davisson 6 had also de-termined the absorption coefficients of distilled IV and deionized filtered water for wavelengths of and 514.5 nm by the laser adiabatic calorimetricu nique. Tam and PateF reported the absorption 0 ficients of distilled water by photoacoustic spectr&. py for the region from 446 to 695 nm. Later, Sl! and BakerS reported the attenuation ofVery Clearl ural water.
A close examination of the various experime! results reveal that discrepancies of a factor of 2 common among reported values. The ressons these discrepancies have also been discussed. s ,7 ! split-pulse laser method has the design advan~ eliminating many possible experimental errors. 1 photoacoustic method also eliminates many posSi errors and has the added advantage of being me sensitive. However, the photoacoustic method caD! give information about the scattered light. In view· the several advantages, we adopted the split·pu],i ser method for the present investigations to detew the total attenuation coefficients.
Even though there are reported resultsS-12 on ~ transmission characteristics of light in seawateq detailed study has been reported on the effect of~ solved constituents of seawater on optical attenualii Since the dependence of optical attenuation on' concentration of dissolved constituents is a par.' of vital importance in the area of undersea laser 01 munications, a careful and systematic study is uri taken in the region from 425 to 635 nm. It is ~ that these studies would also reveal the relativeillir ence of suspended particles over dissolved co~ ents on the total attenuation by seawater. Abol'l~ these studies are expected to give valuable info.
on the optical window in seawater and the influena/ the constituents of seawater on that optical winj '!'he split-pulse laser method first used by Querry et d~ was adopted for the present studies. A nitrogen laser pumped dye laser was used as the source. The lase~ and the scanning system were built for this specificuse. The dye laser operating at 10 pps gave pulses of,.,3·DS duration and O.04-nm linewidth. A 500-cm sample cell and a I5-cm reference cell both of 5-cm internal. diameter were used. The glass windows of these cells were identical in thickness and reflectivity. The mirrors were also of the same reflectivity, made by simultaneously coating aluminum on two optical flats. Asemireflecting mirror was used as the beam splitter. Since the two pulses were not treated identically by the beamsplitter, its nature was studied first by measuring the intensity ratio before using the cells, and this cornction was applied to the final reading. A HewlettPackard PIN photodiode (5082-4207) was used as the detector. As the signals from the sample celllag behind that from the reference cell by -40 ns, it was ~ble to detect them separately by the photodiode. The signals were then fed to the two channels of a !mcar averager (EG&G P ARC model 162). The ratio Mthe intensities of the pulses was obtained from the bomr averager from which the attenuation coefficienta(A) was calculated. All the measurements were tarried out at 25 :l: 1°C. Measurements were taken for !l'«)'2.5 run for the entire region from 430 to 635 nm. The average of ""'1500 pulses was noted in each scan. Evely value reported here is the average of five such !C8IlS. Our values for the 540-575-nm region are not l1lfficiently accurate due to the lack of suitable dyes I md therefore they are not presented here.
I Sample Preparation and Scheme of Study
Inseawater, almost all the dissolved constituents are i D the ionic state. Their proportions by mass are given in Table L Two samples of artificial seawater, both of 35-ppt salinity, are studied. The samples are prepared by adding the required salts in the proportions to match the ratios of these salts in natural seawater. The proportions by mass of the constituents of the two samples are shown in Table 1 . The first sample contained only the major constituents, while in the second sample ~inor constituents were also added, attempting to eluCIdate information on the influence of minor constituents on optical attenuation. Along with the above studies, two samples of natural seawater are also studied to make a comparison. The samples were collected from the Arabian Sea, one from 30 km to the west of Cochin (35.46-ppt salinity) and the other from 3 km to the west ofCochin (28.65-ppt salinity), both from a 10-m depth.
For the laboratory prepared samples, doubly distilled water and Analar grade salts were used for all the experiments. Other precautions to avoid dust particles and bubbles were taken to obtain consistent results.
IV. ResuHs and Discussions

A. Distilled Water
The values of the attenuation coefficient of distilled water for different wavelengths are presented in Table  H . .
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. The attenuation for sodium chloride solutioos three different concentrations (10, 20 , and 30 gi E are shown in Fig. 2 , and the values are given in 11 rn, e.g., 30 g/liter of NaCI solution will have 11.81 sodium which is more than the maximum vahi sodium found in seawater. From the curvesital seen that within these concentration levels, thealll ation is not much dependent on the concentM
The values are close to those for distilled walell there is no shift in the wavelength of the miDiI attenuation. Figure 3 shows the attenuation coefficientfor concentrations (5, 15, and 50.82 g/liter) of chloride (MgCI2 • 6H 2 0) in water. The corres values are given in Table IV . The 15-g/liter solu' MgCl2 . 6H20 contains 1.79 g of magnesium, . almost equal to the maximum value of ma found in lliter of seawater. The curves show erable dependence on concentration. As the tration increases, the attenuation for the region 540 nm also increases, whereas above 590 run the uation is almost the same for all the solutions.
C. Magnesium Chloride Solution
TableDI change in attenuation is predominant in the lower wavelength region. The region of minimum attenuation gets flatter at higher concentrations. Table V gives the attenuation values for two concentrations of sodium sulfate (5 and 35.51 g/liter) which are plotted in Fig. 4 . The figure shows that the attenuation is not much dependen"t on the concentration of Na2S04. There is no change for the region of minimum attenuation.
D. Sodium Sulfate Solution
E. Equimolar Solutions
The attenuation coefficient for 0.25-M solutions of sodium chloride, magnesium chloride, and sodium sulfate are plotted in Fig. 5 . The MgCl2 solution shows higher attenuation for the region below 550 nm compared with the other two solutions. The higher value shown by Na2S04 over that of NaCI is not significant when the concentration of S04" and CI-in seawater is taken into consideration (see Table I ). Another im-. portant observation is that the shapes of the curves are almost same. There are no characteristic maxima and minima in the spectrum. In water. these dissolved salts exist as ions, j' ions are surrounded by a very high electric field. Ti electric field forces the neighboring water di~1 orient its appropriate charged end toward the is' Thus a cluster of sufficient size is formed whose dief tric properties are entirely different from the» medium. Such a cluster can act as a scattering~
The amount of light scattered depends on the_ ing cross section which is related to the size«~ clusters formed. The cluster size is a function ionic radius. The ionic radii of the above ions Na+ = 0.95 A. Mg2+ = 0.61 A, and CI-= 1.8l! Thus the clusters formed by CI-ions are a than the other two. Therefore, chlorine ions more light.
In equimolar solutions, there will be an equal ber of solute molecules that split into ions. h MgCl2 solution. there will be double the n chlorine ions compared with an NaCI solution, ing in higher scattering losses. The large att shown by the MgCl 2 solution may be attri these scattering centers.
TableV Figure 6 shows the attenuation of two samples of artificial seawater both of 35-ppt salinity. Sample I contained only the major constituents while sample II contained the major and minor constituents (Table I) . The attenuation curves of these samples overlap. It is therefore safe to conclude that the presence of minor dissolved constituents such as Ca 2 +, K+, HC0i', B-, and HaB03 does not influence the attenuation. The attenuation coefficient values ofthese two samples are given in Table VI. G. Natural Seawater The attenuation for two samples of natural seawater of 35.46-and 28.65-ppt salinities are also plotted in Fig. 6 along with those for artificial seawater. There is a wide variation between these curves. The values for natural seawater are higher than those for artificial seawater especially below 520 nm. The dissolved constituents of both natural and artificial seawater being almost the same, the difference in attenuation is attributed to the presence of suspended particles in natural seawater. 
